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1Introduction
In recent years, the introduction of active and passive safety systems into modern cars
has contributed to a high standard of safety for the passengers. However, vulnerable road
users such as pedestrians and cyclists still face a considerably higher risk of severe injuries,
especially in urban traffic situations.
In this way, the number of total fatalities in traffic crashes in the USA decreased from 42836
to 32719 between the years 2004 and 2013, but the number of pedestrian fatalities remained
constant around 4500.[11]
But fortunately, due to new technologies such as vehicle-to-infrastructure (V2I) and vehicle-
to-vehicle communication (V2V), networked vehicles can be provided with additional sensor
information about their environment, which offers a great potential for advanced driver
assistance systems.
That is the motivation of this thesis, which is about developing a functional system for pedes-
trian collision avoidance in urban intersections, assuming that precise information about the
position and speed of the pedestrian is available.
So the main objective of the work is to detect the possible future collisions from this in-
formation. Moreover, as it is necessary for validating the detection methods, an automatic
braking system is also considered.
The major output of this thesis is the implementation of one system which, in the simulation,
really detects impending collisions, alerts the driver about them and truly avoids them by
activating an automatic braking system.
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2Preliminaries
This chapter aims to provide all the basics that the reader needs to understand this thesis.
In the first place, it includes the main concepts and technologies which are presently in use
in the field of collision avoidance. Secondly, the principal methods which have been used in
this thesis are explained.
2.1 Collision Avoidance Systems
First of all, collision avoidance systems (CAS), also known as pre-crash systems (PCS) must
be defined: “PCS judge the probability of a collision based on the position and relative
speed of the driver’s vehicle with respect to an object, and either help the driver to avoid the
collision or help to mitigate collision damage by activating devices such as warnings, brake
assist, automatic braking, and the like.”[7] In this thesis, the object in question is exactly
one pedestrian, who is placed somewhere around a crossroad. (If there were more than one
pedestrian, the system would perform the same way for each).
As every other system, one CAS can be characterized through its input, processing and
output. In this sense, in order to describe precisely one CAS, three big questions must
be analyzed, which are how it gets information from the environment, how it evaluates
the possibility of collision from these data, and which decisions it takes in case of having
forecasted one accident. Thus, this section is divided into three subsections.
2.1.1 Data collection
In this thesis, it has been assumed from the beginning that the system to develop already
has at its disposal all the information that it could need to predict the collision, which, in
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Figure 2.1: Representation of V2V and V2I communications in a crossroad area.[10]
addition, is supposed to be completely accurate and precise. Nevertheless, a short overview
of the current methods to get information about the motion of the car and the pedestrian is
included below.
In order to get all these data, the vehicles are equipped with perception and positioning
sensors as well as communication media which make possible that several vehicles in the area
share information about themselves and the environment. Nowadays sensors such as radar
systems, laser scanners, stereo video camera systems, inertial measurement units, infrared
cameras, CMOS cameras or ultrasonic sensors are being used for this purpose, among others.
(See [1], [2] and [4]).
Moreover, given that each sensor has its strengths and weaknesses, real systems work with
multi-sensor synchronized fusion systems, which overcome the individual limitations taking
information from different sensors.[3] Thus, some types of sensors are complementary and
their fusion is expected to result in more robust detection.[4]
But, as already stated, these sensors are not the only way of getting information. Via GPS
receivers or Wifi devices, the vehicles can also get it from other vehicles, which is called
vehicle-to-vehicle technology (V2V). So, as said in [14]: “The cooperation through V2V
communications could be a source of accurate information for the driver”. Finally, another
possibility is from roadways infrastructures, which is called vehicle-to-infrastructure (V2I).
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Figure 2.2: Representation of the IP
2.1.2 Procedures
In this subsection some important concepts concerning the evaluation of collision danger are
explained, which are used for doing calculations in order to avoid collisions.
Collision Concepts
When it comes to collision avoidance, as it is always about preventing future possible colli-
sions, one first question that arises is how much time the system anticipates these potential
crashes. Thus, the foresight time is defined as the duration of the predictions which are
constantly done by the system.
Moreover, no crash could be avoided without predicting where the car and the pedestrian
are going to collide. So it is also important the concept of the intersection point (IP), which
is, as the name suggests, the point where the trajectories of the two road agents are supposed
to converge. Considering the errors coming from either current positioning or calculation of
the future trajectories, the IP takes place inside an area of uncertainty.[1]
Furthermore the systems also make estimations about when the collision would happen.
The time to collision (TTC) or time to impact (TTI) is a prediction about the number of
remaining seconds before the crash. Some systems make different assumptions in order to
estimate this value from physical models.[16] For instance, in [1], the TTC is estimated the
following way, where d is the distance between the car and the intersection point:
TTC = −vc +
√
v2c + 2acd
a
, where ac ≥ −v
2
c
2d , if a < 0 (2.1)
The assumptions made to obtain the formula 2.1 will be commented in subsection 2.2.3.
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Figure 2.3: Some examples of typical braking and response distances.[6]
There are also other ways to estimate the TTC. For example: “Time-to-Collision (TTC) can
be estimated directly from image domain measurements without the need to estimate the
position, speed, and acceleration of either host (i.e., FCAequipped) vehicle or the target (i.e.,
lead) vehicle. This is accomplished by accurately measuring the rate at which the relevant
"object of interest" (e.g., the target vehicle) grows in size in the image.”[13] (In that case the
considered collisions were between cars).
Connected with this concept, the braking distance, db, is also a very important issue to
address. It is the distance that a vehicle will travel from the point when its brakes are
fully applied to when it comes to a complete stop. Moreover, it is talked about total braking
distance or stopping distance, ds, when the response distance, dr, which “is the distance that
the vehicle covers in the times that driver responses to a visual or auditory stimulus”[5], is
also considered:
ds = db + dr
However, the study of the response distance will not be one goal of this thesis, given that
the main proposed measure to avoid collisions will be the activation of an automatic braking
system and the delay due to the electromechanical transmission of the braking order will be
considered to be negligible.
Therefore, in this thesis it is just considered the customary braking distance, db, which is an
important concept: it will be mandatory to estimate it properly in order to avoid possible
collisions.
In fact, that task is particularly difficult inasmuch as the braking distance depends on many
factors such as the aerodynamic effects, the tire effects (pressures, tread and grip), the
vehicle loads, the elastic effects in the suspension system, the road effects (slope, coefficient of
friction, bank angle), the weather conditions, the type of braking system (braking technique
applied, anti-lock system, brake pad material, brake alignment), among others.[12]
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Below one simple theoretical approach is explained, which just takes into account the force
of friction between the tyres and the road. At first, the kinetic energy, E, and the work done
by braking, W , are considered:
E = 12mv
2
c (2.2)
W = µmgdb (2.3)
, where µ is the coefficient of friction of the road, m is the mass of the car and g is the
gravity of Earth.
Thereupon, by putting E = W , one formula for the braking distance can be deduced:
db =
v2c
2µg (2.4)
Although there are, as said, too many other forces which are not taken into account in this
formulation, the strong influence of the vehicle speed on the braking distance remains true.
The figure 2.5 shows some examples of these distances, which may help the reader to have an
idea of their dimensions. “The distance shown are a general guide. The distance will depend
on the driver’s attention (thinking distance), the road surface, the weather conditions and
the condition of your vehicle at the time”.[6]
Collision Detection
When the calculation of all of these concepts is done, it is time to use them in order to detect
future collisions. There are countless possibilities to do it and every system does it in its
own way.
To give one example, the idea developed in [1] is based on the intersection areas. For
the vehicle, two different TTC’s can be calculated, the first one for the entry point in the
intersection area, TTC(P0), and the second for the exit point, TTC(P1), using the same
notation as in the figure 2.2. Thus, it is assumed that the vehicle will be in the intersection
area in the interval of time [TTC(P0), TTC(P1)]. For the pedestrian other analogue interval
can be built, [TTC(Q0), TTC(Q1)]. The collision is only possible if both intervals overlap.
In the next chapter two other methods of detection are explained in detail.
Decision Criteria
Furthermore, when a possible future collision is detected, it is time to select criteria which
enable the systems to decide when it is necessary to take steps in order to avoid it, overriding
the driver.
One possible method consists in dividing the detection zone into parts, based on the braking
and response distance. Thus, in [5], three detection zones have been created, first, a safe
zone in which detections performed are relatively safe, according to the speed of the vehicle
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Figure 2.4: Classification of road zones according to their danger level.[5]
because the distance to the target is far enough to stop the car and avoid the collision. A
second zone is presented within the limits of the stopping distance and the response distance
which is the distance according to the actual speed of the car, in which the driver can still
perform avoiding maneuvers to avoid the collision, it is called danger zone. Finally a special
danger zone is shown, this zone is called the imminent collision zone, it is the zone where
a collision is not avoidable and only a pre-collision system can try to mitigate the damages
that are going to be produced to pedestrians and vehicles.
There are other systems which calculate collision risk indicators (CRI), which are strongly
associated with the probability of collision. Depending on the level of risk they take different
decisions such as warning the driver or activating the avoiding system. For example, in [15],
the formula 2.5 is used, where dv is the distance between the pedestrian in this case, and
the line parallel to the velocity of the car that passes through the point (xc, yc):
CRI = 10 · log
(
105
dv · TTC
)
(2.5)
Finally, in this thesis, as it will be explained in detail in the next chapter, the adopted
criterion is based on the idea of a required deceleration, the “constant deceleration level
required to avoid a collision”[16], which must not be higher in absolute value than the
current projected deceleration.
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2.1.3 Measures
In order to avoid the collision or, at least, mitigate the caused damage, the different CAS
adopt diverse strategies. The principal ones are brake assist, automatic braking and auto-
matic evasive steering. Furthermore, automobile manufacturers usually combine their CAS
with different passive safety devices. For example, some systems tighten the seat belts
when one collision is unavoidable, or they incorporate an airbag for the pedestrian, which is
activated then.
This thesis is mainly focused on the evaluation of the risk of collision and determining the
need of activating one suitable automatic braking system, which really avoids future collision
and “so that the vehicle does not stop in front of the object unless necessary”[7].
Below the used methods to develop this system are explained.
2.2 Methods
So as to simulate the behavior of the driver and the car, a software called CarMaker has
been used. These data were processed in Matlab/Simulink, specifically using the combined
option CarMaker for Simulink, which makes it possible to connect both softwares. Several
models can be built there by using some physical formulation and making the pertinent
assumptions.
2.2.1 The Software CarMaker
CarMaker is a vehicle dynamics simulation software, which allows for simulating the vehicle
performance and incorporates one model for the driver. In addition, it lets the user configure
a lot of options for the road such as shape, coefficient of friction or speed limits. It gives
the user the chance of watching the simulation run details as well, thanks to its animation
tool.
Thus, in this thesis it has been used this software to simulate the behavior of the vehicle.
Moreover, as it will be said later, its demo car has been used as a reference for the geometric
model of the vehicle, and some other values of the car have been taken from it.
2.2.2 CarMaker for Simulink
Through this tool, the user can take the variables that he is interested in from CarMaker
and take them to his Simulink model to work with them. For instance, the user can take
out the current value of the speed of the vehicle for making calculations from it.
It is also possible to put information from Simulink into CarMaker, as it was done constantly
in this thesis with the pedestrian coordinates in order to include him in the animation tool.
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Figure 2.5: CarMaker main graphical user interface and its animation tool
Moreover, the user can also change aspects from the model for the vehicle control or driver
very easily. That is how in this thesis the pedals were controlled while automatic braking.
Furthermore, this software let the user choose the sample time of the simulation runs, ts,
which will determine the frequency, the predictions are be made with.
Thus, the choice of the sample time is usually an important point before running a simulation.
In the case in question, selecting a suitable sample time will be crucial, as it will be explained
in the next chapter. Ideally, the lowest possible value should be chosen, because the lower
the sample time is, the more often the program will do all its computations and, therefore,
the more precisely it will perform. But as long as the computational resources are not
unlimited, the selected sample time must be such that lets the simulation run fast enough.
In accordance with the adopted criterion, a sample time is valid provided that it makes the
simulation run, at least, in real time.
As mentioned before, the consequences of setting a certain sample time will be significant.
This fact is illustrated by the concept of “cost of inaction”. A simple example may serve to
explain the idea behind this: supposing that a car is going straight with a constant speed of
10 m/s (36 km/h) and the sample time is fixed to 0.1 s, how many meters will the car have
advanced in the next iteration? It will not be hard for the reader to multiply and agree that
one meter means a lot when it comes to avoiding a collision.
Thereupon, it really is a very important issue to bear in mind. More generally, the cost of
inaction is the additional displacement traveled by the car due to not having braked in the
current iteration, but in the next one. Some other examples for straight driving are shown
in the table 2.1.
It has been considered reasonable to choose ts = 0.01, given that it means that, in the worst
case,i.e., expecting a maximum car speed in a crossroad of 60 km/h, the cost of inaction
would be of 0.167 m. In other words, it has been deemed as acceptable that the vehicle
stops 0.167 m before than necessary.
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Sample Time (s) Speed (km/h) Cost of Inaction (m)
0.1 18 0.5
0.1 60 1.667
0.01 18 0.05
0.01 36 0.1
0.01 60 0.167
Table 2.1: Some examples of costs of inaction in straight roads
2.2.3 Used Formulation
In this thesis it will be useful the concept of “Bicycle Model”, which is illustrated in the
figure 2.6. According to this model, the vehicle moves as if it had only two wheels, one in
the front, which can steer, and one in the back. As long as the vehicle speed is low, there
will be no slip between the tires and the road and so the car will be rotating around the
instantaneous center of rotation (ICR).
Moreover it is considered that the car keeps constant its steering angle, δ, while cornering
after a short transition. That is why a circular motion for the car can be deduced, or a
straight motion when δ = 0.
Thus, combining the formulae 2.6 and 2.7, which are directly deduced from the geometry of
the figure 2.6, the radius of the curve, R, can be calculated with the formula 2.8:
tan(δ) = L
A
(2.6)
R2 = A2 + l2 (2.7)
R =
√
l2 +
(
L
tan δ
)2
(2.8)
Furthermore, supposing that the longitudinal acceleration of the vehicle, ax, remains con-
stant, the angular acceleration, α, is constant as well, given that:
ax = α ·R (2.9)
vc = ω ·R (2.10)
d = θ ·R (2.11)
, where ω is the angular velocity and θ is the angular displacement. Therefore it is possible
to calculate θ by integrating twice:
α = dω
dt
⇒ ω(t) = ω0 + αt = vc,0
R
+ ax
R
t (2.12)
ω = dθ
dt
⇒ θ(t) = ω0t+ 12αt
2 = vc,0
R
t+ 12
ax
R
t2 (2.13)
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Figure 2.6: Bicycle Model for the car
Moreover, multiplying the previous formulae for R, the formulae for straight uniform accel-
eration motion are obtained:
vc(t) = vc,0 + axt (2.14)
d(t) = d0 + vc,0t+
1
2axt
2 (2.15)
The formula 2.1 was precisely obtained by making these same assumptions and, in fact, it
can be found by isolating the time in the formula 2.13.
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In order to simplify the task, a modular system was devised. The Information-Warning-
Braking Model, hereafter cited as IWB Model, is composed of three different modules,
which are executed sequentially. At the end of each part, the system assesses the need
for resuming its execution. Thus, if at some stage the possibility of collision is excluded,
the program restarts after ts seconds. Below these three different constituents will be defined:
• The Information part aims to determine if there is any possibility or not of collision
between the car and the pedestrian. (Naturally, within a certain foresight time). In
other words: would it be possible for the driver to crash into the pedestrian if he tried?
Answering that question involves calculating the range of the possible future positions
of the car and pedestrian respectively. It must be taken into account not only the
current state but also the boundary abilities of both road users.
Concerning the current state of the car, it will be totally described by its position, veloc-
ity, longitudinal acceleration, lateral acceleration or steering angle, and yaw, whereas
for the walker it will be enough with its present position, direction and velocity. For
its part, it will be considered as vehicle’s boundary abilities its maximum acceleration,
deceleration and lateral acceleration, while it will be just weighed the maximum speed
of the pedestrian.
According to the test, a signal lamp could be switched on/off to indicate to the driver
if there are pedestrians in the area. The algorithm will continue differently depending
on this result: if Information is set on, Warning subsystem will be executed. If not,
the program will stop until the next iteration.
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• The Warning part is designed to calculate whether the car and the pedestrian are
going to collide or not, as said before, within a certain foresight time, in case that they
continue behaving the way they are currently doing. The prediction is based on the
current states of the car and the pedestrian.
Thus, if an accident is expected, a warning alarm indicator may sound in order to
prevent the driver from it, and the last module will be checked. Alternatively, the
program will not continue up to the subsequent iteration.
• The Braking part attempts to predict whether the car and the pedestrian are going to
impact or not, once more within a certain foresight time, supposing that the car would
begin to brake immediately. This calculation will depend again on the current states
of the car and the pedestrian, but also on some empirical data obtained from previous
simulation runs.
Finally, if an impact is expected unless the vehicle begins to brake at once, automatic
braking system would be suddenly activated. In the simulation, clutch and brake
pedals become totally pressed, and accelerator pedal becomes totally released in that
case. Otherwise, the program will not brake and it will stop till the following iteration.
3.1 General Concepts of the Model
3.1.1 Model for the Pedestrian
In this case, a very simple model has been considered. The pedestrian is conceived as a
circular area, centered in its coordinates and whose radius measures 0.5 m. For the purpose
of modelling its movement, people are considered to walk straight at constant velocity, except
for sudden changes of speed and direction. In other words, the speed and the direction of
the pedestrian are implemented as piecewise constant functions.
In order to forecast future positions of the walkers, in the Warning and Braking modules,
they are supposed to keep on going with the same speed and direction, as there is no
evidence of possible changes. For its part, in the Information module a maximum speed for
the pedestrian is considered, which can walk in any direction.
3.1.2 Model for the Vehicle
Geometrically, the car has been implemented via a straightforward figure. Its dimensions are
inspired in the demo car of CarMaker. Both geometric models for the car and the pedestrian
are detailed in the figure 3.1.
As already stated, the movement of the vehicle is modelled by that simulation program.
In order to predict the behavior of the car from the data provided by CarMaker, the next
assumptions have been made:
14
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Figure 3.1: Geometric models for the car and the pedestrian
• The Bicycle Model is considered. (See subsection 2.2.3).
• Its longitudinal acceleration remains constant during the foresight time.
• The radius of the curve that the car was performing remains constant until the end of
the forecast, including the case when the car is moving straight, i.e., when the radius
is infinite.
These assumptions imply that the vehicle will be supposed to trace either a circular or
straight trajectory, with linear speed function, throughout the prediction.
With a view to estimate the current radius of the circular trajectory, the following formula
is considered, which is based on the uniform circular motion of a mass point:
R = v
2
c
ay
(3.1)
But for low speeds, this formula is not valid anymore because it would give as a result radii
which were lower than the turning radius of the vehicle, i.e., lower than the smallest radius
that can be achieved by the car.
That is why in those cases, the radius is deduced from the Bicycle Model. Thus, from several
simulation runs in CarMaker, it has been calculated the maximum possible steering angle
at 37.3◦, using the formula 3.2 to get the steering angle. According to the formula 2.8, this
result means a minimum radius of 3.616 m. Therefore, when the resultant radius from the
formula 3.1 is lower than this value, the radius will be this value.
δ ' δf,l + δf,r2 (3.2)
Finally for calculating the angular displacement, the formula 2.13 is used but with some
particularities depending on the case as it will be explained later.
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Figure 3.2: Two possible cases for calculating the distance with Discarped.m
3.1.3 The Distcarped.m Function
In order to distinguish whether or not the pedestrian and the car are colliding in a certain
moment, a function in Matlab was developed, inspired in the method used in [8]. Thus, the
Distcarped.m function calculates the distance between the car and the pedestrian, assuming
that their geometries are as shown in the figure 3.1. This function needs the position and the
yaw of the car, and the position of the pedestrian to work. The result depends on the relative
position between the two elements, as shown in the figure 3.2. The distances, represented
by green segments, are calculated from point to point in the white area and from point to
segment in the orange area, taking into account in both cases the margin of both car and
pedestrian.
3.1.4 Braking distance and Braking Deceleration
In order to estimate the braking distance, in the IWB Model it has been assumed a road
without slope and whose coefficient of friction is one. For the reasons explained in the
subsection 2.1.2, as it was difficult to consider a physical model, an empirical approach was
performed. Thus, several simulation runs were performed to interpolate a function from
those data, that enables to deduce a valid value for the braking distance depending on the
braking speed. These first braking tests were conducted in a straight road, with sudden
braking activation. The results are collected in the table 3.1.
Moreover, according to the idea that the vehicle brakes with constant deceleration, making
use of the formula 3.3, every braking distance can be associated with its corresponding
braking deceleration. That formula is obtained from the system of equations made by the
formulae 3.4 and 3.5. These are the result of replacing the displacement, the final speed,
the initial speed, the acceleration and the time with the braking distance, zero, the braking
16
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Braking speed (km/h) Braking distance (m) Braking deceleration (m/s2)
10 0.482 8.003
20 1.692 9.120
30 3.577 9.707
40 6.379 9.716
50 9.856 9.786
60 14.101 9.914
Table 3.1: Results from the first braking tests
speed and the braking deceleration and the braking time respectively, in the formulae 2.14
and 2.15 for uniform acceleration motion, introduced in this text in the previous chapter.
ab = − v
2
b
2 · db (3.3)
db = vb · tb + 12 · ab · t
2
b (3.4)
−vb = ab · tb (3.5)
In reality, the interpolation function was built from the braking deceleration values, for
convenience when programming. This decision would not have any negative effect, given
that the braking distance and deceleration are inverserly proportional. The corresponding
braking decelerations are also shown in the table 3.1 and based on these values, a third order
polynomial function was interpolated, with a coefficient of determination of 99.73 %, whose
graph is represented in the figure 3.3
ab ' −0.0021 v3b + 0.0775 v2b − 0.9484 vb − 5.9141
3.1.5 Coefficient for Curves and Corrected-for-Curves Braking Deceleration
Thus, in straight roads, for every braking speed an estimation of its corresponding braking
deceleration has been made. But, as already stated, the braking speed is not the only factor
which affects the braking deceleration. With curved roads, the results of these braking tests
change significantly. That is why a correction factor for the braking deceleration in curves
was devised. Some new tests were made in order to estimate, given a braking speed, the
quotient between two general braking distances, the first in case that the car is taking a
curve and the second, in case that the car is going straight. This value, from now on called
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Figure 3.3: In blue ab ' −0.0021x3 + 0.0775x2 − 0.9484x − 5.9141, in red the interpolation
values
“coefficient for curves” and denoted γc, is always positive and higher than one, because the
car needs more distance to brake while turning:
γc =
db,curve
db,straight
(3.6)
The results of these new tests are joined and represented in the figure 3.4, which shows the
values of these quotients depending on the steering angle associated to the curve and the
braking speed. Thanks to these data, a linear relation, for each braking speed, between the
coefficient for curves and the steering angles could be detected. Below are shown these first
order polynomial functions, one for each braking speed that was considered for those tests.
(Those linear correlations are sufficiently strong given that the coefficients of determination
of these interpolations were higher than 92.7 % in all cases):
γc, 10 km
h
' 0.259 δ + 1
γc, 30 km
h
' 2.266 δ + 1
γc, 50 km
h
' 6.007 δ + 1
γc, 60 km
h
' 10.119 δ + 1
It is easily perceptible that in each case, the slope of the relations was different. In fact, it
seemed to increase exponentially. Therefore, the slope of these lines was also interpolated,
depending on the braking speed. A quadratic fit was enough to get a great result, with a
coefficient of determination of 99.4 %. Thus, the coefficient for curves has been approached
by the following function:
γc ' (0.0464 v2 − 0.2237 v + 0.6122) δ + 1
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Figure 3.4: Results of the coefficient for curves depending on the steering angle and the
vehicle speed
To sum up, according to the formula above, if the car is moving with a certain speed
v and while its steering angle is δ, the program will produce a certain γc. Moreover it
will calculate a certain braking distance db for straight paths (or its corresponding braking
decelerationab). Finally, it will multiply this braking distance (or divide its corresponding
braking deceleration), by that γc, obtaining that way a suitable “corrected-for-curves” value.
In this thesis this “corrected-for-curves” braking deceleration will be indicated by the symbol
ac,c.
3.1.6 Foresight Time and Braking Time
It is also necessary to work with an appropriate foresight time, tf . On the one hand, if it
were too short, the collision could not be avoided in time. Since this error would be very
grave, it is preferable to fix a big enough foresight time. On the other hand, if it were too
big, the simulation would slow down. As well, a large-term forecast of the future positions
of the car and the pedestrian would stop making sense, because both could change their
current paths midway.
Furthermore, it is a convenient idea to implement the foresight time not as a constant, but
depending on the braking time, tb, i.e., the minimum time required by the car to brake. The
braking time depends on many elements such as the speed of the car, its steering angle or
the coefficient of friction of the road.
In this model, foresight time and braking time have been implemented as shown in the
formulae 3.7 and 3.8. Basically, it has been considered, as already explained, that the
vehicles would brake with a constant deceleration ac,c to estimate the braking time. Two
additional seconds, to warn the driver in case of danger, are considered for the foresight time.
(In [9] it is stated that 85 % of all drivers are able to react to a warning within 1.18 seconds).
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In addition, these two seconds will also guarantee that the prediction of the collision is made
in time.
tf = tb + 2 (3.7)
tb = −vc/ac,c (3.8)
Once all these important concepts have been introduced, it will hopefully be easier for the
reader to understand the implementation of the three modules of the model.
3.2 The Implementation of the Modules
As already stated, every part is responsible for making at a given moment t one prediction
about a possible accident, within tf seconds, under certain conditions. In fact, the program
restarts every ts seconds, repeating the same process every time. Depending on the module,
these predictive checks have different peculiarities, but first it will be explained in this thesis
what all three parts have in common, when it comes to their implementation.
Supposing, as said, that the car is at a certain moment t, first of all the program calculates
tf . After that, the three parts are executed in order, as already explained, if necessary.
Every module code consists basically of a for-loop, whose iterator is denoted by k, which
means how many seconds of margin the prediction is being made with. With k going from
zero to tf , every tk seconds an iteration of this loop is performed. As the consequences of
the increment of iteration of the loops, tk, concerning computational resources and precision
are similar to the consequences due to the ts, it has been considered tk = ts.
3.2.1 The Information Module
In this case, the program calculates two geometric areas in every iteration of the loop with
iterator k, one for the possible positions of the vehicle at the moment t + k, and the other
for the possible positions of the pedestrian at the same moment, and checks if both areas
overlap. If during the loop some overlapping is detected, the Information part stops right
then, notifying an affirmative result. Otherwise, it would mean that no collisions have been
forecasted and the result of this part would be negative. Hence, the only point left to explain
is how the program calculates these two areas.
For the pedestrian, a maximum speed, vp,max, is considered. According to that speed, in a
certain moment k, i.e., k seconds later after the beginning of the prediction, the pedestrian
will definitely be inside a circular area of radius k · vp,max, centered in the pedestrian coor-
dinates in the instant t. This region guarantees that the pedestrian is inside it, even if he
changed his direction. It has been implemented by approaching the circumference with a
polygon with twenty sides.
For the vehicle, a not so simple approach has been implemented. First, from the car, its
maximum and minimum longitudinal acceleration, ax,max and ax,min, and its maximum
lateral acceleration, ay,max, have been considered. These values have been estimated thanks
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to CarMaker, by making several simulation runs considering the range of speeds of interest.
They were established as ax,max = 3 m/s2, ax,min = −10 m/s2 and ay,max = 9 m/s2. These
values were obtained from the simulation and they coincide with the ones used in [8]. The
maximum and minimum longitudinal acceleration will determine the interval of distances
that the vehicle could advance during the foresight time. For its part, the maximum lateral
acceleration will affect the range of the radii of the curves that the car could perform,
according to the formula ??.
Then, considering those values another polygon is built, whose vertexes are divided in four
groups:
• The front border points of the area are calculated by keeping the longitudinal acceler-
ation in the maximum value and modifying the lateral accelerations of the car between
+ay,max and −ay,max. Moreover, these front border points are calculated by moving
the coordinates of the car, as said, according to a uniform acceleration motion, always
with ax = ax,max and with a R depending on the respective ay, during k seconds. De-
pending on the radius of the curve, the initial speed and the longitudinal acceleration,
the maximum one in this case, the corresponding angular displacement, θ, is calculated
with the formula 3.9:
θ(k) = vc
R
· k + 12 ·
ax,max
R
· k2 (3.9)
If the car traveled straight, we could predict these front border points with the formulae
3.10 and 3.11, which are based on this circular motion with constant acceleration and
take into account the margin corresponding to the distance between the front of the
car and its center of mass, 1.858 m.
xc(t+ k) = xc(t) + ∆x = xc(t) + sgn(ay) · (−R+R · cos θ − 1.858 · sin θ) (3.10)
yc(t+ k) = yc(t) + ∆y = yc(t) +R · sin θ + 1.858 · cos θ (3.11)
But the current yaw of the car, ϕ, must also be considered. Multiplying the previous
increments for a rotation matrix with angle ϕ, the general case is achieved. So the
general formulae are the same as before, but updating the increments as shown below:
∆x←− + sinϕ ·∆x+ cosϕ ·∆x
∆y ←− − cosϕ ·∆x+ sinϕ ·∆y
• The right border points of the area are calculated by keeping the lateral acceleration
as −ay,max, and changing the longitudinal acceleration from the maximum to the
minimum. In this case R is always constant and ax and, as a result, θ are decreasing.
The formulae are analogous, but considering here half of the width of the car, 0.75 m,
instead of the front margin. As we are decreasing ax, the program keeps the last
value which made the car not stop, ax,last. (Otherwise the car would begin to move
backwards).
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Figure 3.5: Representation of typical Information module polygons
• The back border points of the region are calculated by keeping the longitudinal ac-
celeration as ax,last and modifying the lateral acceleration from −ay,max to +ay,max.
Once more, the formulae are similar but taking into account a distance between the
centre of mass and the back of the car, of 2.17 m.
• Finally, the left border points are calculated by keeping constant the lateral acceleration
as −ay,max and changing the longitudinal acceleration from ax,last to ax,max. Here half
of the width of the car was considered as well.
It is important to remark that the order in calculating the points is essential, for building
a suitable polygon. Moreover, some intermediate special points for the corners were placed
between every two groups, in order to do the polygon more realistic, respecting the front
margin and a lateral margin, for instance.
Furthermore, the points corresponding to a R less than Rmin are disregarded, just like the
points corresponding with a θ greater than pi, because it would mean that the car would
completely turn back. (Although it will not be made explicit again, concerning these two
last particular cases, the three parts of the IWB Model act the same way).
Once both areas have been built, in order to know whether they overlap, theMatlab functions
polyxpoly and inpolygon were used. The first function returns a list of points of intersection
between two polygons. The second function returns a list of points from a polygon which
are inside another polygon. As long as there are no intersection or inside points between the
two areas, no overlapping is considered.
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3.2.2 The Warning Module
In this module, in every iteration with iterator k, the program checks if the geometric areas
deduced from the models of both car and pedestrian are overlapping, using the Distcarped.m
function and supposing that they are moving with the uniform motion that has been already
described in this thesis and regarding their current states.
Thus, for the pedestrian, the center of the circle of radius 0.5 m will trace the following path,
which is based on keeping constant the speed and the direction of the pedestrian, φ:
xp(t+ k) = xp + cosφ · vp · k (3.12)
yp(t+ k) = yp + sinφ · vp · k (3.13)
In the case of the vehicle, R will be calculated via the current speed and lateral acceleration
and θ will need, in addition, the current longitudinal acceleration to be deduced. Therefore,
R will remain constant and calculated through the formula ??. The rest of the formulae to
use in this case become:
θ(t+ k) = vc
R
· k + 12 ·
ax
R
· k2 (3.14)
xc(t+ k) = xc + sinϕ · [sgn(ay) · (−R+R · cos θ(t+ k))] + cosϕ · [R · sin θ(t+ k)]
(3.15)
yc(t+ k) = yc − cosϕ · [sgn(ay) · (−R+R · cos θ(t+ k))] + sinϕ · [R · sin θ(t+ k)]
(3.16)
ϕ(t+ k) = ϕ+ sgn(ay) · θ(t+ k) (3.17)
In this case, the formulae for the coordinates of the car are basically the same, except that no
margin is taken into account, given that they will be considered through the Distcarped.m
function. Moreover, the yaw of the car in every iteration, ϕ(t + k), must be considered.
Furthermore, the code also stops in case that, being ax negative, the vehicle begins to go
backwards. As in the previous case, if two of these areas overlap during the loop, i.e., the
Discarped.m function returns a negative value, the Warning part stops with reporting an
affirmative result. Otherwise, the car and the pedestrian are not supposed to collide, so
there will be no alarm.
3.2.3 The Braking Module
The procedure of the Braking part is nearly identical to the one of the Warning part, but
there are still some differences. The first one is that, in order to calculate the successive car
positions during the prediction, the braking deceleration will be considered instead of the
current acceleration. (Of course, the corrected-for-curves braking deceleration will be used).
By proceeding like this it is possible to predict if there would be collision even if the car
began to brake, once it has been already assumed in the previous module that without any
changes a crash is going to happen.
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The second difference is that, in order to prevent the accident, the implementation anticipates
that, if at a certain moment t an accident is predicted, that means that if the braking system
were immediately activated, the final distance between the car and the pedestrian would be
negative. (This is precisely how it could detect the collision). That is why the Braking part
assumes that the car would begin to brake in the next sample, and so it would continue
as it was doing previously during the first ts seconds. Like this, if the program detected a
collision, it would still have time to avoid it.
Another issue has to be addressed, given that the time is discrete. It could happen that
in a certain iteration k of one loop, the expected speed of the vehicle is so low, that in the
next iteration, k + tk, the speed becomes negative. While it is true that subsequent points
would be dismissed because the car would be going backwards, the point corresponding to
the iteration k + tk would be the last one to be considered provided that it had involved
an advance. But in reality, between k and k + tk the vehicle is supposed to reach a peak
in respect of its braking distance, in which an unexpected collision by the program could
happen. This problem is solved the same way as the previous one, by anticipating the
prediction system ts more seconds, in this case, as a margin to avoid this problem. It is
possible to implement these differences thanks to an especial piecewise acceleration function
for this part, ab,p:
ab,p =
{
ax if 0 < k ≤ 2 · ts
ac,c if k ≥ 2 · ts
Thus, the formula concerning θ in this case becomes:
θ(t+ k) = vc
R
· k + 12 ·
ab,p
R
· k2 (3.18)
The rest of the formulae are exactly the same as those for the previous module.
3.3 Last Explanations
Once the system was devised and the first simulation run tests were done, some additional
changes were made to improve the performance of the model. These changes are explained
below.
At first, it was observed that the Information module was responsible for making the program
run more slowly than necessary, i.e., than real time. This problem was solved by using a
bigger sample time for this part. So, thanks to the tool “Rate Transition” of Simulink, the
sample time of the Information module was set to 0.1 s, whereas it was 0.01 for the rest of
the modules. This decision involves no negatives consequences because, in the worst case,
being the car traveling in boundary conditions, the delay in the detection of the Information
danger could reach up to 0.09 s while the foresight time has always 2 s of margin to warn
the driver. This way the simulation runs always faster than real time.
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Another issue detected was due to the cost of inaction. Sometimes in the middle of an
automatic braking, the Braking module changed between on and off several times. The
explanation is that in the initial braking instant, the cost of inaction is bigger than at a
certain later moment, given that the speed of the car decreases. So, the system keeps on
calculating and, while in the beginning it needed to brake because otherwise the cost of
inaction would mean that the car collides into the pedestrian, in this intermediate moment
the cost of inaction is smaller and so the system could afford not to brake yet, reducing
theoretically the final distance between the car and the pedestrian.
This intermittent behavior makes no sense and in the practice, it caused that the collisions
were not avoided, given that, as long as the electromechanical delay due to the activation of
the brakes were negligible (see subsection 2.1.2), its effects become notable if the brakes are
activated and deactivated several times during the same braking process.
Thus this problem was solved by keeping on braking until the car stops, once the Braking
module was activated for the first time, which means that the car should stop between the
pedestrian and the number of meters corresponding to the cost of inaction of the car in the
braking instant.
Finally, due to the possible imperfections of the model, a factor of safety, γs > 1, was
considered. So, the value of ac,c was actualized for a lower one in absolute value, by dividing
it by the factor of safety, in order to expect less braking capacity. This new deceleration has
been called “expected deceleration”, aexp, in order to distinguish the case when the factor
of safety is considered and replaces the corrected-for-curves deceleration in all the previous
formulae:
aexp =
ac,c
γs
(3.19)
Therefore, some tests were performed to get a suitable value for γs, which is the first matter
in hand in the next chapter.
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In order to demonstrate that the designed system is functional, the IWB Model has been
tested in this thesis via the software CarMaker. The behavior of the system has been analyzed
in different scenarios which are habitual in urban intersections. But first, as already stated,
some previous tests were performed to get a factor of safety for the model, in order to correct
its possible imperfections.
4.1 The Choice of the Factor of Safety
In these tests the pedestrian stayed motionless in the center of the road while the car was
traveling towards him. When the system considered that the collision was about to be
unavoidable, the automatic braking system was activated. In this moment, information
about the expected braking deceleration, denoted by ac,c, was collected. In the end of the
braking, information about the finally required braking deceleration, areq, was calculated via
the formula 3.5.
Those variables were compared for different speeds of the car and radii of the road. If the
truly required deceleration is lower than expected in absolute value, the car will not brake
as efficiently as predicted and the collision could happen.
Therefore, the quotient between ac,c and areq was calculated in every case and it was observed
that, in the worst case, this quotient was lower than 1.1. That is why it was decided to take
γs = 1.1, which will be in use from here on. Thus, according to the formula 3.19:
aexp =
ac,c
1.1
Below are included the results of this simulation tests.
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Figure 4.1: Results obtained for ac,careq in a straight road depending on the speed of the car
Figure 4.2: Results obtained for ac,careq in curves depending on the radius and the car speed
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4.2 Habitual Scenarios, Results and Interesting Cases
4.2.1 First Scenario: Pedestrian Crossing Perpendicularly a Straight Road
In these tests one car which goes straight at different speeds is considered, while a pedestrian
crosses the road perpendicularly with different speeds as well, up to 4 m/s, to include the
case in which the pedestrian is jogging.
For validating the model, when the automatic braking system was activated, the minimum
distance between the car and the pedestrian during the braking was recorded. If, in the end,
this distance results positive , the collision did not occurred. Otherwise, the system did not
avoid the collision.
Thus, the figure 4.5 shows the results of these minimum distances in different simulation
runs. As these distances are always positives, the collisions were avoided in every case, what
indicates that the system performs effectively with the chosen factor of safety. (Every test
is repeated twice with different initial position for the pedestrian).
Furthermore, it is deduced from the graph that these minimum distances do not depend
on the speed of the pedestrian, which is logical as long as the pedestrian does not change
his/her direction, given that the system will predict the future position of the pedestrian
exactly.
On the other hand, the vehicle speed has much influence: the higher the vehicle speed is
in the braking moment, the bigger is the minimum distance reached by car and pedestrian
during the braking. This fact is due to the effect of the factor of safety on the expected
braking distance. Because of the formula 3.3, the factor of safety increases in a 10 % the
expected braking distance:
db ← 1.1 · db
That is why, working with the factor of safety, the vehicle starts to brake before and, con-
sequently, the minimum distance can result up to one 10 % of the initial expected braking
distance.
Thus, retrieving the table 3.1, the initial expected value for the braking distance when the
braking speeds is 40 km/h, to give an example, is 6.379 m. The 10 % of this number is
0.638 m, which is higher than the minimum distances found in the different simulation runs
for that vehicle speed.
According to the same table, in the worst considered case, when vc = 60 km/h, the braking
distance reaches 14.101 m. Therefore, the minimum distance could reach 1.410 m, which is
bigger than the shown in the figure 4.5.
From the figure it can also be deduced that, as the vehicle speed increases, the system gives
priority to the safety of the road users, given that the range of minimum distances increase
but the values are always positive.
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Figure 4.3: Results obtained in the first scenario for the minimum distance between the car
and pedestrian depending on their speeds
Figure 4.4: Simulation of the first scenario in CarMaker
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Sudden Changes in Pedestrian Speed and Direction
Contemplating another usual situation, the pedestrian could suddenly change his speed or
direction, while crossing the road.
In order to determine whether this changes affect the performance of the system, more tests
were simulated in which at a certain point the pedestrian speed and direction changed among
0, 1 and 2 m/s, and 0, pi/3 and 2pi/3 rad respectively.
After every of those changes, the intersection point of the car and the pedestrian and the
time to collision may alter. Depending on the case, this variations do not involve problems,
when the system has time to react. However, sometimes collisions happen, when the new
time to collision is lower than the time to brake and, accordingly, the distance between the
car and the new intersection point is lower than the braking distance.
One illustrative example may be the case in which the pedestrian is standing on the sidewalk
and he suddenly begins to cross the street without looking while a car is coming fast, so
unluckily that the collision is unavoidable.
These system failures are unavoidable as long as it is impossible to forecast these changes of
mind of the pedestrians and no system could avoid the collisions in this situations. That is
why the model cannot be rejected for this problem.
Nonetheless the braking system would still be activated and so at least the damage would
be mitigated.
4.2.2 Second Scenario: Pedestrian Crossing Perpendicularly a Curved Road
In this case several roads are considered, with different radii up to 20 m. In every test,
one pedestrian is crossing one of these roads while one car is cornering towards him, with
different speeds. The speed of the pedestrian was fixed in the normal walking speed, 1 m/s,
given that in the first scenario it was proved that the speed of the pedestrian did not affect
the results.
Once again the minimum distance was measured in every test run. In some previous tests,
the minimum distance resulted narrowly negative. This bad results can be explained by the
additional difficulties in case that the road is curved. Thus, the coefficient for curves used
to correct the expected braking deceleration, γc, and the prediction of the curved vehicle
trajectory, based on its current state, may entail further imperfections in the model in this
case.
Fortunately, this negative values were very close to zero, less than 0.2 m in every case. That
is why, it was decided not to discard the model but to tune it by leaving a margin of 0.2 m,
so that collisions are detected when the predicted distance between the road users is less
than this margin. With this adjustment, applied only in case of cornering, some new tests
were simulated with better results, which are shown in the figure 4.5.
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Figure 4.5: Results obtained in the second scenario for the minimum distance between the
car and pedestrian depending on the radius of the curve and the vehicle speed
As the minimum distances are positive, again the collisions are avoided in every case, so
the systems operates with efficacy. This results also validate the correction for curves, given
that the minimum distance does not depend on the radius of the curve. Moreover, as in the
last scenario, the minimum distance increases with the car speed.
It should be noted that the distances are higher than in the straight case, due to the addi-
tional margin of safety and the coefficient for curves. But it will not suppose any problem
because the vehicle speeds by cornering are lower.
4.3 Discussion
Considering the results which have been presented in the previous sections, it can be asserted
that the devised system if functional.
As long as the information about the position and velocity of the pedestrian is available for
the system, it is able to detect impending collisions and avoid them in most cases. Thus, it
fulfils its objectives and performs safely.
Below the strengths and weaknesses of the designed model are explained. On the one hand,
the main strengths are the next three:
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• The idea of the system is conceptually simple to understand and, therefore, easy to
implement. Moreover, with rather simple and reasonable assumptions, very acceptable
results have been obtained.
• Thanks to the Information module, when there is no intersection area between the
polygons, the system is able to discard the possibility of collision.
• Because of the Warning and Braking modules, the model really detects future collisions
and avoids them when possible. Moreover if for some reason, as said, in case of change
of the pedestrian speed, the collision cannot be avoided, the automatic braking system
still makes possible that the car speed is lower in the moment of the crash and so the
damage becomes less severe.
On the other hand, the main weakness is that in general the model does not inform about
the probability of collision.
Finally, in the lights of the outcome of the validation, the assumptions made in the previous
chapter, in cases such as the model for the car, the Distcarped.m function, and specially in
case of the empirical approaches for the braking deceleration and the coefficient for curves,
were valid.
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5.1 Conclusion
This thesis was about implementing a functional system for pedestrian collision avoidance in
urban intersections. Its main objective should be the detection of possible future collisions,
from the data about the current state of the pedestrian. Moreover, in order to validate the
devised system, it was necessary to implement an automatic braking system.
Thus, first of all, it was mandatory to do some research on the field of collision avoidance
systems. Specially during the first month of work, the state of the art was investigated and
so were the main concepts and opportunities of this field.
Then, this newly acquired knowledge was applied in order to devise different detection
systems. After many attempts and improvements, this process culminated in the two models
which have been explained in this thesis: the first one, used in the Information module,
implemented with polygons and based on the limit states of the road users, and the second
one, used in the Warning and Braking modules, implemented with geometric areas and based
on the current states of the road users.
Moreover, thanks to these detection systems, it was possible to design an intervention system,
which depending on the case informs the driver about the presence of pedestrians in the area,
warns him if one collision is detected or, ultimately, activates the automatic braking system.
All these ideas materialized with the implementation of the IWB model.
This model was programmed in Simulink, in combination with the software CarMaker, which
simulates the motion of the car. Thus, CarMaker supplies information about the current
state of the car to the IWB model and this Simulink model generates a control input for the
CarMaker model, in order to activate the braking system when necessary.
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Finally and using both softwares, the devised system was tested in different usual scenarios,
when it comes to urban intersections. After being tuned, the results validate the work
performed, given that, as a general rule, the collision are avoided.
Hence, it has been possible to develop one valid system which gives good results.
5.2 Outlook
Before concluding this thesis, a short overview about the future possible improvements is
included. The following ideas could mean significant progress:
• A better integration of the detection methods may be useful: if different polygons
were built the same way as explained in the Information module, but not using the
limit states of the road user as extreme values but considering their current states and
certain intervals of margin, the system could make several concentric zones in which
the collision is more or less likely to happen, depending on the margin of the interval.
For instance, if the current longitudinal and lateral accelerations of the car are 1 m/s2
and −3 m/s2 respectively, it is very probable that, within a certain time, the car
will be inside the polygon built with ax ∈ [0, 2] m/s2 and ay ∈ [−4,−2] m/s2. This
improvement could be the basis for next one.
• An important advance would be to implement methods which allow for estimating at
any time the probability of collision. It could be useful to analyze the trend of this
probability in order to anticipate the crashes and so the system could also warn the
driver in different ways, depending on the level of risk.
• In this thesis it is assumed that the system knows exactly the position of the car and
the pedestrian. Due to delays in communication and sensor limitations, it does not
have to be like that. It would be interesting to consider certain uncertainty for this
data and study how it affect the results.
• Finally, there are many possibilities for performing a simulation test run, including the
radius of the curve, the speeds of the car and the pedestrian, their initial positions,
among others. That is why it would be very convenient to use “Design of Experiment”
(DOE) techniques to improve the validation methods, given that there are too many
combination of variables to be tested and every simulation run has a cost in time.
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